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INTRODUCTION 

In a s h o r t  paper  such a s  t h i s  i t  is impossible  to  do more than  b r i e f l y  
s m a r i z e  and explain some of  t h e  cwkianental equat ions  of i r r e v e r s i b l e  e l e c t r o d e  
k i n e t i c s .  It i s  be l ieved ,  however, hat  f h e r e  is a need f o r  such a p r e s e n t a t i o n  
s i n c e  many of t h e  workers becoming i n t e r e s t e d  i n  t h e  f i e l d  of  f u e l  c e l l s  will 
not  be f a m i l i a r  w i t h  t h e  terms and concepts  involved.  The s u b j e c t  i s  treated 
with r e s p e c t  t o  t h e  w e l l  known (1) low temperature  hydrogen oxygen f u e l  c e l l  
employing porous conduct ing e l e c t r o d e s .  

DISCUSS I O N  

Basic Formulae 

The fo l lowing  thennodynamic formulae form t h e  b a s i s  of t h e  more 
s p e c i f i c  formulae der ived  later and a r e  presented  f o r  convenience. 
In  any process  

a A  + bi3 + . .  . m P + n Q + - . - - -  

t h e  change i n  f r e e  energy p e r  mole of r e a c t i o n  from l e f t  t o  r i g h t  i s  given by 

a, b, m, n a r e  t h e  number of molecules  involved,  (A), (B) ,  (P) ,  (Q) a r e  t h e  
a c t i v i t i e s  of t h e  r e a c t a n t s  and products  and Kp “is t h e  e q u i l i b r i u m  c o n s t a n t  of 
t h e  r e a c t i o n .  

For  some a r b i t r a r y  d e f i n i t i o n  of  a s t a n d a r d  state where t h e  a c t i v i t i e s  
a r e  u n i t y  
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where AGO i s  known a s  t h e  s tandard  state f r e e  energy change. 
going from one a c t i v i t y ,  al, t o  another ,  a2, I$, = 1, and 

For a substance 

% Q%= Q, e 
(3) 

The r a t e  of an  a c t i v a t e d  chemical r e a c t i o n  in one d i r e c t i o n  is given by 

4 

where vL is the  rate cf reac t ion ,  (A)1, (B), are t h e  a c t i v i t i e s  of r e a c t a n t  a t  
t h e  r e a c t i o n  condi t ion,  AG* is t h e  f r e e  energy of a c t i v a t i o n  a t  t h e  s tandard  
state used t o  def ine  t h e  a g t i v i t i e s  and k, is a c o n s t a n t  f o r  t h e  r e a c t i o n .  

The e l e c t r i c a l  p o t e n t i a l ,  E ,  involved f o r  a change of f r e e  energy AG 
i s  given by 

where F i s  the  Faraday and n is t h e  number of e l e c t r o n s  involved i n  t h e  r e a c t i o n .  
A c o n s i s t e n t  system of units must be used. 

Open C i r c u i t  P o t e n t i a l s  

Hydraul ic  Analogy 

A t  open c i r c u i t ,  when no c u r r e n t  is drawn from t h e  cell,  t h e  p o t e n t i a l  
ob ta ined  from t h e  c e l l  i s  equal  t o  t h e  corresponding f r e e  energy change i n  
t r m s p o r t i n g  r e a c t a n t  t o  product  under t h e s e  i d e a l  r e v e r s i b l e  condi t ions .  Figure 
1 shows a hydraul ic  analogy of a f u e l  c e l l  a t  open c i r c u i t .  
t o  measure the  F o t e n t i a l  of a s i n g l e  e l e c t r o d e  it is necessa ry  to have two 
e l e c t r o d e s ,  represented by the  two U-tubes of t h e  f i g u r e ,  The d i f f e r e n c e  i n  
l e v e l s  o f  t h e  l i q u i d  in each arm of a U-tube (h, say) r e p r e s e n t s  t h e  f r e e  energy 
change between t h e  r e a c t a n t  and t h e  product  f o r  a h a l f  c e l l .  For a f u e l  c e l l  in 
which r e a c t a n t  is suppl ied con t inuous ly  t o  each e l e c t r o d e  and product  r-ed 
cont inuously,  t h e  hydraul ic  analogy r e q u i r e s  i n f i n i t e  r e s e r v o i r s  at  t h e  l i q u i d  
l e v e l s ;  one of these  is shown a t  A for i l l u s t r a t i o n .  

Since i t  is impossible  

It is i q w s s i b l e  to measure t h e  voltage corresponding to h, b u t  i f  the  
r i g h t  hand U-tube i s  cons ide red  as a r e v e r s i b l e  s tandard  state hydrogen h a l f  
cell,  h, i s  a r b i t r a r i l y  taken as zero, and ap corresponds t o  t h e  h a l f  c e l l  
p o t e n t i a l  (with respec t  t o  t h e  s t a n d a r d  hydrogen h a l f  c e l l )  of the  l e f t  hand 
e l e c t r o d e .  
and  t h e  open c i r c u i t  p o t e n t i a l ,  E, ( i n f i n i t e  e x t e r n a l  r e s i s t a n c e  is comparable 
t o  t h e  va lve  being c losed)  is e q u i v a l e n t  t o  AG. It is c l e a r  from t h i s  p i c t u r e  
t h a t  t h e  p o t e n t i a l  change through t h e  e l e c t r o d e - e l e c t r o l y t e  s u r f a c e  i s  z e r a  a t  
zero c u r r e n t  d r a i n ;  t h e  p o t e n t i a l  drop, 4, exists a c r o s s  t h e  e x t e r n a l  
e l e c t r o d e  t o  e l e c t r o l y t e  connect ion.  In an e l e c t r o d e  process  at open c i r c u i t ,  
at t h e  i n s t a n t  o f  e l e c t r o d e  immersion ions pass  into solution a c r c s s  t h e  

With valve V c losed ,  t h a t  is ,  no f low through the  system, + s h , ,  

I 
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e l e c t r o d e - e l e c t r o l y t e  i n t e r f a c e .  The charge remaining on t h e  e l e c t r o d e  produces 
an a t t r a c t i v e  e l e c t r i c  f i e l d  holding back f u r t h e r  d i s s o l u t i o n ,  while  t h e  charge 
o f  oppos i te  s i g n  produced i n  t h e  e l e c t r o l y t e  a l s o  produces a n  e l e c t r i c  f i e l d  
opposing f u r t h e r  d i s s o l u t i o n .  
and p2 (pressure)  i n  t h e  analogy. 

Hydrogen h a l f  c e l l  wi th  ca ta lyzed  porous carbon e l e c t r o d e  and a l k a l i n e  e l e c t r o l y t e  

These f o r c e s  are e q u i v a l e n t  to  t h e  p1 ( suc t ion)  

The h a l f  c e l l  r e a c t i o n  can be represented  a s  

z H, + a c t i v e  s i te  - 21Hj  chemisorbed ( 6 )  

+ 04’ 3 Y,O + e  + a c t i v e  si te (7) 

A t  equi l ibr ium l e t  t h e  f r a C t i o n  of t h e  a c t i v e  si tes occupied- by chemisorbed 
hydrogen be Be. 
s o r p t i o n  e q u i l i b r i m  ef r e a c t f o n  ( 6 )  can-be represented  ( 2 )  by 

The f r a c t i o n  of unoccupied s i t e s  is t h e n  1-0, and t h e  chemi- 

where i and j a r e  rate c o n s t a n t s  and p is t h e  p r e s s u r e  of hydrogen. 
equat ions  (1) and (2); t h e  f r e e  energy change on chemisorp t ion  i s  

Thus, from 

For r e a c t i o n  (7), t h e  f r e e  energy change from t h e  chemisorbed s t a t e  t o  product ,  
bQ,-H20, i s  g iven  by 

s u b s t i t u t i n g  for el1-6 from (9) 

Now a t  e q u i l i b r i u m  i n  t h e  chemisorpt ion process ,  equa t ion  (1) shows t h a t  &G), 
i s  zero ;  f u r t h e r  @Go)c-H,o + (AGO), = (LGo)H,-~,O, t h e r e f o r e  

where (ac,), is t h e  o v e r a l l  s tandard  s t a t e  f r e e  energy  change from hydrogen 
2- 2 
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t o  product .  From equat ion  (5) 

Thus, a t  open c i r c u i t ,  the r e v e r s i b l e  p o t e n t i a l  E, should be independent of t h e  
chemisorpt ion s t e p  and hence independent  of t h e  s u r f a c e  or c a t a l y s t  used. 
and Rozel le  (3,4) have presented  evidence to  show t h a t  t h i s  i s  not  t r u e ,  and 
t h e y  a s c r i b e  the  loss of p o t e n t i a l  on open c i r c u i t  a s  being due t o  l o s s  of f r e e  
energy on chemisorption. This  immediately r a i s e s  t h e  q u e s t i o n  a s  t o  why, when 
hydrogen i s  allowed to s t a n d  i n  c o n t a c t  with t h e  c a t a l y s t  sur face ,  a normal 
a d s o r p t i o n  equi l ibr ium f i t t i n g  a Langmuir or'Tempkin isotherm i s  n o t  
reached? Equation (8) can  be expressed  a s  

Young 

where a i s  a cons tan t  a t  a given temperature .  This i n d i c a t e s  t h a t  t h e  s u r f a c e  
i s  s a t u r a t e d ,  and hence i r r e v e r s i b l e ,  on ly  a t  i n f i n i t e  $ e s s u r e .  A s i m i l a r  
r e s u l t  i s  obta ined  by t h e  use of the  Tempkin isotherm( The theory  of  t h e s e  
isotherms s t a t e s  tha t ,  p rovid ing  e i s  n o t  c o n t i n u a l l y  removed as some o t h e r  
product  of  reac t ion ,  t h e n  the  g a s  s u r f a c e  r e a c t i o n  i s  r e v e r s i b l e  and w i l l  r each  
a n  equi l ibr ium s t a t e .  The m o d i f i c a t i o n  of t h e  Freundl ich  adsorp t ion  isotherm 
suggested by Taylcr  and Halsey(6) g i v e s  6 a s  a e = (pop)% (14) 

where a,,, %,are c c n s t s n t s .  
r e p r e s e n t s  a s a t u r a t i o n  p r e s s u r e  ps, beyond which f u r t h e r  i n c r e a s e  i n  gas  
p r e s s u r e  (and hence gas f r e e  energy) produces no f u r t h e r  f r e e  energy i n c r e a s e  
in the  s u r f a c e ,  and t h e  s y s t e x  i s  i r r e v e r s i b l e .  The loss of  t h e o r e t i c a l  o?en 
c i r c u i t  v c l t a g e ,  assuming t h a t  t h e  Langmuir isotherm (equat ion  8) has  f a i r  
numerical  agreement with t h e  Freundl ich  isotherm up t o  t h e  s a t u r a t i o n  pressure(7)  
i s  a;Froximately 

C l e a r l y  when p = YQ., , .9 i s  1, and hence '/ao 

Rais ing  t h e  temperature  o f  t h e  c e l l  should  b r i n g  the c e l l  n e a r e r  t o  r e v e r s i b i l i t y  
s i n c e  ps i n c r e a s e s  with temperature .  D i f f e r e n t  c a t a l y s t  s u r f a c e s  may have 
d i f f e r e n t  va lues  f o r  ps.  

w i t h  h e a t s  of c h e m i ~ o r p t i o n ( ~ ) .  
ob ta ined  on r a i s i n g  t h e  p r e s s u r e  and consequent ly  have l i t t l e  s i g n i f i c a n c e  f o r  an 
e q u i l i b r i u m  process .  
der ived  by assuming that an e q u i l i b r i u m  s t a t e  e x i s t s  i n  which t h e  t r a n s f e r  of an 
i n f i n i t e s i m a l  q u a n t i t y  of gas  t o  the  s u r f a c e  involves  no f r e e  energy change. . 

Young has a t tempted  t o  c o r r e l a t e  t h e  l o s s  of opek c i r c u i t  p o t e n t i a l  
However, such h e a t s  a r e  f r e e  energy changes 

Indeed t h e s e  h e a t s  a r e  o f t e n  c a l c u l a t e d  using isotherms 

There a r e  o t h e r  p o s s i b l e  e x p l a n a t i o n s  for t h e  open c i r c u i t  vo l tage  
It may be t h a t  a pseudo e q u i l i b r i u m  is  reached i n  which s t r a y  c u r r e n t s  loss .  
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are s u f f i c i e n t l y  l a r g e  t o  d i s t u r b  t h e  equi l ibr ium on a poorly ca ta lyzed  sur face .  
Again the  a t ta inment  of equi l ibr ium may be slow, e s p e c i a l l y  i f  t h e  a c t i v a t i o n  
energy f o r  chemisorpt ion i s  high and ge tends t o  one. The ra te  of  chemisorpt ion 
i s  propor t iona l  t o  (-&*JET)). 

Under these  circumstances i t  would be expected t h a t  t h e  p o t e n t i a l  o f  
t h e  ha l f  c e l l  would i n c r e a s e  slowly w i t h  t i m e .  I n  genera l ,  i f  such i r r e v e r s i b i l i t y  
e x i s t s ,  i t  should be d i f f i c u l t  t o  o b t a i n  c o n s i s t e n t  r e s u l t s  f o r  open c i r c u i t  
p o t e n t i a l s .  

Loss of  P o t e n t i a l  During Current  Flow 

The pcla . r izat i .cn o r  loss cf p c t e n t i a l  d u r i n g  c u r r e n t  f low is obvious ly  
of  prime importance io t h e  des ign  of f u e l  c e l L s .  .To o b t a i n  good f u e l  e f f i c i e n c y  
the  c e l l  must be opera ted  a t  a maximum i n t e r n a l  v o l t a g e  l o s s  of about  20 t o  30% 
of the  cp2n c i r c u i t  v9 l tape .  '.f t h e  c u r r e n t  f lzwinq  p e r  sq. cm. of e l e c t r o d e  
.ire3 or F e r  ccund of  ce l l  i s  snqll, ther. t he  c e l l  w i l l  be bulky 2nd- uneconomic. 
I& rher~ret ic .3L a n a l y s i s  of ; a l ? r i z a t i o n  i s  an a t tempt  t o  show which f a c t o r s  musf 
be var ied  t o  cb tnzn  q t h m  c m d i t i o n s .  

Activ+i.ti.c..,n p o l a r i z a t i o n  a c r a s s  t h e  e l e c t r o d e - e l e c t r o l y t e  s u r f a c e  

Ccns ider  t h e  hydraul ic  analogy d i s c u s s e d . p r e v i o u s l y .  The t r a n s f e r  of 
i ons  a c r o s s  t h e  e l e c t r o d e - e l e c t r o l y t e  i n t e r f a c e ,  be ing  a chemical r e a c t i o n ,  i s  
a c t i v a t e d ,  and t h e  p t r n t i t i . 1  energy curve  through t h e  sur face  a t  open c i r c u i t  
cxn be v i s u n l i 2 r d  a s  i a  Figure 2. The energy i s  composed of  t h e  o r i g i n a l  
chemical f r e e  energy and the  e l e c t r i c a l  f i e l d  e n e r g i e s  which counterba1anc.e t h e  
chemical energy t o  g i v e  z e r c  free energy change a c r o s s  the i n t e r f a c e .  S t a t e d  
mcre p r e c i s e l y ,  t h e  a c t i v i t i e s  o f  t h e  r e a c c a n t s  and products  a t  t h e  s u r f a c e  
chamga t o  b r i n g  the  r e a c t i c a  i n t o  dynamic equi l ibr ium.  This pmduces  a 
concent ra t ion  d e l e c t r o n s  i n  the e l e c t r z d e  s u r f a c e  and 3 c o n c e n t r a t i o n  of 
,2osi t iva ions  %t  t h e  ?lar?e of  c l o s e s t  .;F~:rOa.Ch i n  t h e  e l e c t r c l y t e ;  t h e  open 
c i r c u i t  p o t e n t i a l  is due t o  t h i s  double l l y e r .  Reducing t h e  e x t e r n a l  r e s i s t a n c e  
f m n  i n f i n i t y  i s  ccn;s.ra.t.le to . + r t i d ; y  opening va lve  V and a l lowing  flow. 
CIe&.rly a smni l l  f l aw w i l l  i.ncr.eis2 ;; sl ight1.y and reduce pB, nP w i l l  decrease ,  
m d  a p:?s6ure grc .dient  i s  set  u; a c r o s s  E. I n  t h e  e l e c t r i c a l  c3se this i s  
equivblen t  t o  reduL Lna t h e  ::er.jining e l e c r r i c  f i e l d s  and consequent ly  the  energy 
C U V E  on tF.e l e f t  i n  FiguL' 2 r i s e s  and t h a t  or! t h e  r i p h t  f .al ls ,  (See braken 
curves i n  f i g u r e  I). Tha ch.s.ngs in  f r e e  energy through t h e  s u r f a c e  on f low i s  
clexl!. not s v t i l a . b l e  fox  c,utsi.de ?otenci.;l and E, i s  reduced t o  E. The r e s t  
cf t h e  2 v e r a l l  f r e e  energy c ? . z g e  cf t he  r e a c t i o n  i s  c a r r i e d  through the  e x t e r n a l  
r . ic.cuit  E v  t h e  eIecrr.::ns invt-lvea 2nd the  r e x t i o n  c a n  prcceed o i l y  as f a s t  as 
!.ha e x r e r r a l  resist2.n.F.e r i l l  a l l o w  t h e  c u r r e n t  t o  €law, with Ohm's Law applying.  

L e t  t h e  change i.n f r e e  energy thmugh t h e  s u r f a c e  be d(AG) . .Then 

9~ 
c i r c u i t ,  i f  t h e r e  were nn c t l i e r  r e s i s t s n c e s  t o  flow present ,  then t h e  drop of 
f r e e  energy through t h e  s u r f a c e  wculd be t h e  t o t a l  f r e e  energy  change and 
=E, where AG i s  t h e  t o t s 1  f r e e  energy change of  t h e  r e a c t i o n .  

i s  c a l l e d  the  a c t i v a t i o n  p l l r i z s t i n n  a t  t he  given c u r r e n t  f lew.  A t  s h o r t  
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A t  open c i r c u i t  a dynamic e q u i l i b r i u m  e x i s t s  across  the i n t e r f a c e ,  

L.13t o k  Y,O + e + 
L e t  
be t h a t  of O H ’ ,  @ua)e be t h a t  of  water, and 
sites. Then from equat ion ( 4 )  

be the a c t i v i t y  of t h e  chemisorbed hydrogen a t  equi l ibr ium, (Qo& 

($)e be a c t i v i t y  of a c t i v e  

-4 * 
forward r e a c t i o n  rate Wle - - k,@,qH)e (pot& e. 
back r e a c t i o n  rate = WQ& (s& e 

The rate may be expressed a s  amps per  sq. cm. of  a c t i v e  a rea ,  and at  equ i l ib r ium 
-L)le=-Jx= I’ , Under non-equi l ibr ium condi t ions ,  from equat ion  (3)  

whereAG1is  t h e  f r e e  energy change from equ i l ib r ium a c t i v i t i e s  t o  those 
considered.  
f r e e  energy change of aG2. 
f r e e  energy through the  s u r f a c e  due t o  c u r r e n t  flow and 

A s i m i l a r  expres s ion  can be w r i t t e n  f o r  the  back r e a c t i o n  with a 
C l e a r l y  t h e  f r e e  energy changes represent  t h e  loss i n  

- q + a ~ =  -- d C ~ G )  = -nFTq 

L e t  e be the  f r a c t i o n  of a i d i n g  t h e  r e a c t i o n  from l e f t  t o  right. 

44, = -Fq, 

9 = k, (sy)pod e 
-$I 

The new r e a c t i o n  r a t e  from l e f t  t o  r i g h t  i s  

Then 

I I i s  t h e  e q u i l i b r i m  c u r r e n t  corresponding tu rate i n  e i t h e r  d i r e c t i o n  a t  
Simi la r ly ,  AG, =<I*)nFq, where 1 - 4  is t h e  f r a c t i o n  of  qQ equi l ibr ium.  

dec reas ing  t h e  r e a c t i o n  from r i g h t  to l e f t ,  and 

Thus t h e  n e t  c u r r e n t  flow from l e f t  t o  r i g h t  i s  
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I n  general,,  p a r t  of  t h e  p o l a r i z a t i o n  measured i n  equat ion  (19) e x i s t s  
through t h e  d i f f u s e  p a r t  of t h e  double l a y e r  (8) extending  from t h e  plane of 
c l o s e s t  approach i n t o  t h e  e l e c t r o l y t e .  The s t r u c t u r e  of  the  double l a y e r  can be 
changed by the  presence of  salts  i n  t h e  e l e c t r o l y t e ,  s p e c i f i c  adsorp t ion  on t h e  
e l e c t r o d e  s u r f a c e  and e l e c t r o l y t e  concent ra t ion .  Thus I’ i n  equat ion  (19) i s  
changed by these  f a c t o r s .  I ’  may be represented  a s  

(20) 

where 7) i s  t h e  p o t e n t i a l  drop i n  t h e  dcuble  l a y e r  aqd z i s  t h e  number of e l e c t r o n s  
involved i n  t r a n s f e r  through t h e  l a y e r .  (a i s  an e q u i l i b r i u m  c u r r e n t  which i s  
more n e a r l y  c h a r a c t e r i s t i c  o f  the  r e a c t i o n ,  while  t h e  term i n v o l v i n  
used t o  e x p l a i n  the  e f f e c t s  of m o d i f i c a t i o n  of the  double l a y e r  (lo?. For t h e  
type of  c e l l  cons idered  here  t h e  comros i t icn  of t h e  e l e c t r o l y t e  i s  u s u a l l y  
d i c t a t e d  by o t h e r  c o n s i d e r a t i o n s  and provid ing  s p e c i f i c  a d s o r p t i o n  i s  avoided 
the f a c t o r  involv ing  + i s  predetermined.  

@ can be 

In  e q u a t i c n  (19) ,  t h e  va lue  cf i ‘  was d e r i v e d  p e r  sq.  cm. of a c t i v e  
s i t e  a rea .  Normally, c u r r e n t  i s  expressed p e r  sq. cm. of geometric e l e c t r o d e  
a r e a  and 

where N, i s  t h e  number of  s i t e s  per  u n i t  e f f e c t i v e  a r e a  and A, i s  t h e  e f f e c t i v e  
a r e a  per  u n i t  geometric e l e c t r o d e  a r e a .  Then 

“Tp - p&.E!j~ L = kE\ISqeI’Ce= 

- - 

I i s  c a l l e d  t h e  exchange c u r r e n t  d e n s i t y  a s  i t  i s  t h e  e q u i l i b r i u m  forward and 
revexse c u r r e n t s  f lowing a t  o-,en c i r c u i t .  This  term i s  sometimes reserved  f o r  
rhe equi l ibI ium c u r r e n t  f o r  s tandard  s t a t e  c o n d i t i o n s ,  I,, but  i t  i s  easy  to 
c o v e r t  from one t o  t h P  o t h e r  knowing t h e  c e l l  c r e s s u r e s  and c o n c e n t r a t i o n s .  

As To, becomes l a r g e  i n  equat ion  (22)(and i f  CC does not  a l t e r  i n  
va lue)  then t h e  r e v e r s e  r e a c t i o n  becomes n e g l i g i b l e  and 

o r  

where 
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This i s  known as t h e  Tafe l  equat ion .  It a p p l i e s  when the  p o l a r i z a t i o n  is 
g r e a t e r  than  about  100 m i l l i v o l t s .  
i s  small as I is  l a r g e .  Neglect ing double l a y e r  e f f e c t  

For a requi red  c u r r e n t  t h e  p o l a r i z a t i o n  

To o b t a i n  l o w  p o l a r i z a t i o n  i t  is d e s t r a b l e  to have as much e f f e c t i v e  s u r f a c e  
p e r  u n i t  geometr ical  area as p o s s i b l e .  This  is accomplished by having a system 
o f  small pores  wi th  a high s u r f a c e  roughness i n  c o n t a c t  wi th  t h e  e l e c t r o l y t e .  
Thus when us ing  porous car5on e l e c t r o d e s  i t  is sometimes necessary  to "ac t iva te"  
t h e  carbon by r e a c t i o n  wi th  a i r  o r  steam. 
c l o s e d  and i n c r e a s e s  t h e  s u r f a c e  roughness. Again, s i n c e  t h e  r e a c t i o n  takes  
p l a c e  a t  an a r e a  of c o n t a c t  of  gas, s o l i d  and l i q u i d ,  s a t u r a t i o n  of  t h e  s u r f a c e  
w i t h  e l e c t r o l y t e  w i l l  g r e a t l y  i n c r e a s e  p o l a r i z a t i o n .  

This  burns open pores  which were 

The func t ton  of  t h e  c a t a l y s t  impregnated on the  s u r f a c e  i s  t o  decrease  
The s tandard  state f r e e  energy change t h e  a c t i v a t i o n  energy A% o f  t h e  reac t ion .  

d u r i n g  the r e a c t i o n  is i l l u s t r a t e d  i n  F igure  3. Consider ing t h e  chemisorpt ion 

The desorp t ion  s t e p  g ives  

where q i s  t h e  e x o t h e m i c  s tandard  state h e a t  of chemisorption'l ') . 
comparing c a t a l y s t s , t h e  c a t a l y s t  w i t h  t h e  smal le r  q should have a smaller &Gil 
and hence less a c t i v a t i o n  2 o l a r i z a t i o n  a t  a given c u r r e n t .  

When 

Increase  in temperature  i n c r e a s e s  I, b u t  i t  a l s o  reduces  the o t h e r  
term in equat ion  (22). 
i n c r e a s e  i n  temperature. 
Ns. 
s a t u r a t i o n  s t a t e  i s  reached when t h e  s u r f a c e  i s  comple te ly  covered wi th  t h e  optimum 
q u a n t i t y  of c a t a l y s t .  

No-lly the p o l a r i z a t i o n  i s  markedly decreased by 
The e f f e c t  of t h e  q u a n t i t y  of c a t a l y s t  i s  governed by 

A s  t h e  q u a n t i t y  i s  increased  from zero  t h e  p o l a r i z a t i o n  i s  decreased,  b u t  a 

Increas ing  the gas p r e s s u r e  on t h e  c e l l  i n c r e a s e s  t h e  e q u i l i b r i u m  
a c t i v i t i e s  and should thus  decrease  p o l a r i z a t i o n .  

A c t i v a t i o n  p o l a r i z a t i o n  of chemisorpt ion.  

Equat ion (22) w a s  d e r i v e d  s p e c i f i c a l l y  f o r  the r e a c t i o n  

H,O + e + a c t i v e  s i t e  
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However, i t  i s  p o s s i b l e  t h a t  t h e  preceding chemisorpt ion of hydrogen i s  slow 
during c u r r e n t  flow. I f  t h i s  i s  t r u e ,  t h e  e lec t rochemica l  r e a c t i o n  comes i n t o  
balance with t h e  chemisorpt ion and an a d d i t i o n a l  p o l a r i z a t i o n  i s  introduced,  due 
t o  f r e e  energy changes on  chemisorpt ion.  Consider ing t h e  r e a c t i o n  - f l2  + a c t i v e  s i t e  - 
the  a c t i v i t i e s  may b e  reDresented as D. 11-0)2 and e2. In a s i m i l a r  manner 

E 

where the  r a t e  cons tan t ,  va lue  of a c t i v a t i o n  energy and exchange c u r r e n t  are f o r  
the  chemisorpt ion process .  When t h e  c e l l  i s  supplying c u r r e n t ,  0 must decrease 
t o  a l low more chemisorpt ion.  i f  6 i s  n e a r  1, a small decrease  i n  6 produces 
much e x t r a  chemisorpt ion but  v i r t u a l l y  no change i n  t h e  back r e a c t i o n ;  t h e r e f o r e  
t h e  p o l a r i z a t i o n  completely a i d s  t h e  r e a c t i o n  from l e f t  t o  r i g h t  and Q =  I . 
Since Q = 2, t h e  s l o p e  b of  t h e  Tafel  l i n e  under these  circumstances is 

b = 2.303RT 3 0 . 0 3  v o l t s ,  a t  room temperature .  
2F 

I f  the chemisorpt ion i s  f a s t  compared to  t h e  e lec t rochemica l  s t e p  t h e  value of 63 
does not  change much and t h e  va lue  o f f q  i n  equat ion  (17) can  be cons idered  

0 . 1 2  v o l t s ( 1 2 ) .  
whether t h e  chemisorpt ion s t e p  or t h e  e lec t rochemica l  s t e p  i s  predominantly r a t e  
c o n t r o l l i n g .  For chemisorpt ion r a t e  c o n t r o l l i n g ,  t h e  f u n c t i o n  of t h e  c a t a l y s t  
i s  t o  lower t h e  a c t i v a t i o n  energy of  chemisorpt ion.  A c t i v a t i o n  and chemisorpt ion 
a c t i v a t i o n  p o l a r i z a t i o n  a r e  cons idered  i n  more d e t a i l  by Parsons(13) .  

c o n s t a n t ;  aC is  about  1 /2 ,  n i s  1 and' t 4 e s l o p e  of t h e  Tafe l  equat ion  i s  about  
Thus t h e  s l o p e  of t h e  Tafe l  equat ion  g i v e s  a means o f  determining 

A t  s u f f i c i e n t l y  l a r g e  c u r r e n t  flows, e t ends  t o  zero,  < tends t o  zero 
find rs tends t o  i n f i n i t y .  
rroceed f a s t e r  than chemisorpt ion on t o  an almost  bare  s u r f a c e .  Thus the  complete 
p o l a r i z a t i o n  versus  c u r r e n t  curve is a s  i l l u s t r a t e d  i n  F igure  4. I f  3 i s  n o t  n e a r  
1 a t  ocen c i r c u i t ,  t h e  curve  w i l l  s t a r t  a t  E, but  i t s  shape w i l l  be t h a t  of  t h e  
r i g h t  hand p o r t i o n  of  F igure  4 .  

'Chis expresses  t h e  f a c t  t h a t  the r e a c t i o n  cannot 

Concentrat ion P o l a r i z a t i o n  

Concentrat ion p o l a r i z a t i o n  i s  t h e  l o s s  of  p o t e n t i a l  dur ing  c u r r e n t  
flow due t o  mass t r a n s p o r t  l i m i t a t i o n s  i n  t h e  c e l l .  During c u r r e n t  flow r e a c t a n t  
has  to be t r a n s p o r t e d  to  t h e  r e a c t i o n  s i t e  and energy i s  thus  used i n  overcoming 
the r e s i s t a n c e  t o  f low which i s  always p r e s e n t .  

Gas t r a n s p o r t  p o l a r i z a t i o n  

Gas t r a n s p o r t  through a porous carbon e l e c t r o d e  i s  i l l u s t r a t e d  i n  
Figure 5 .  If t h e  r e v e r s i b l e  p o t e n t i a l  of t h e  c e l l  i s  f o r  a p r e s s u r e  of  pl, then 
a s  the r e a c t i o n  proceeds and p2 becomes less than  pl, t h e  c e l l  e.m.f. w i l l  f a l l .  
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I f  t h e  f a l l  i s  a t  a c u r r e n t  of i 7. 

Assuming the  carbon h a s  a n  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  D e f f ;  independent of 
p r e s s u r e  C1')and t h a t  the  e l e c t r o d e  is  i n  t h e  form of a s l a b  

Rate = D~~ CR-B) p e r  sq. cm. (27) 
AI-. 

aL is  t h e  thickness  of  t h e  e l e c t r o d e .  Equation (27) may b e  expressed as 

where B inc ludes  a conversion f a c t o r .  ' hen  

Since t h e  maximum value of  e-pz is p, BP, r e p r e s e n t s  a l i m i t i n g  c u r r e n t ,  
T, Say, and. 

When i i s  small compared t o q , l c  i s  l i n e a r l y  dependent on i, and a s  i approaches 
It, p o l a r i z a t i o n  becomes very g r e a t .  Thus i t  i s  d e s i r a b l e  f o r  Ie t o  b e  l a r g e .  
The th ickness  of the e l e c t r o d e  cannot  i n  p r a c t i c e  be reduced beyond a c e r t a i n  
l i m i t .  
th ickness  tends t o  g ive  e i t h e r  gas l eakage  from t h e  s u r f a c e  o r  f looding  of t h e  
pore system by t h e  e l e c t r o l y t e .  
h a s  a h igh  d i f f u s i o n  c o e f f i c i e n t ,  h igh  i n t e r n a l  area o r  roughness f a c t o r  and 
which i s  as homogenous i n  pore s t r u c t u r e  a s  poss ib le .  In opera t ion ,  s i n c e  p2 
h a s  t o  be maintained s u f f i c i e n t l y  h igh  t o  prevent  e l e c t r o l y t e  f looding,  p1 
would have t o  b e  r a i s e d  as c o n c e n t r a t i o n  p o l a r i z a t i o n  becomes apprec iab le .  

E l e c t r o l y t e  concent ra t ion  p o l a r i z a t i o n  

Due t o  t h e  inhomogencaus n a t u r e  of t h e  pore system, reducing the  

Thus it i s  d e s i r a b l e  t o  have an e l e c t r o d e  which 

In a sinilar manner t o  t h a t  above the  concent ra t ion  p o l a r i z a t i o n  due 
t o  mass t r a n s f e r  of i o n s  i s  ' 

'= In,& 
r c  n F  9 - L  

where t h e  l i m i t i n g  c u r r e n t  it i s  g iven  by 



. . .,. -.-.-..-. ~ _..__.___.I_ __.___-__ ..__. , .. . _ _  .. ~ . .. . . . ._.. - .. . .  . .. . . - . .  . 

D; , Oi, k; are r e s p e c t i v e l y  t h e  d i f f u s i o n  c o e f f i c i e n t ,  bulk a c t i v i t y  
and t ranspor t  number of t he  ion  and & i s  the e f f e c t i v e  th ickness  of  t he  
d i f f u s i o n  l a y e r  a d j a c e n t  t o  t h e  e l e c t r o d e  sur face .  This  type of p o l a r i z a t i o n  
i s  well descr ibed  by K0rt-G and Bockris (15) .  

The e f f e c t  o f  concent ra t ion  p o l a r i z a t i o n  can be introduced i n t o  
equat ion (22)  by w r i t i n g  

- "c170 - -% -% 
where Tfi i s  t h e  o v e r a l l  p o l a r i z a t i o n  and 9, i s  t he  concent ra t ion  p o l a r i z a t i o n  

I"  

i n  the same d i r e c t i o n  as 

e. 

where c, i s  t h e  e f f e c t i v e  a c t i v i t y  and ctois t h e  o r i g i n a l  bulk a c t i v i t y  o f  the 
r e a c t a n t s . C ~ r z  IC-% t hus  i appears  on  both s i d e s  of equat ion  ( 3 ) .  
form of the equat ion  it s imilar  t o  t h a t  i n  Figure 4 .  
concent ra t ion  p o l a r i z a t i o n  i n  equat ion (22)  must be made f o r  a l l  of t h e  s t e p s  
i n  the r e a c t i o n  which g i v e  apprec iab le  c o n c e n t r a t i o n  p o l a r i z a t i o n .  

Ohmic Res is tance  

The general  
The i n t r o d u c t i o n  of 

I n  a d d i t i o n  t o  the  p o l a r i z a t i o n  a l r e a d y  descr ibed  an i n t e r n a l  loss 
of p o t e n t i a l ,  Tr, occurs  due t o  t h e  e l e c t r i c a l  r e s i s t a n c e  of  the e l e c t r o l y t e .  
3y Ohm's Law 

f i s  low fo r  high c o n c e n t r a t i o n  of i o n s  i n  t h e  e l e c t r o l y t e .  It i s  of i n t e r e s t  
t o  nate  t h a t  i f  p e n e t r a t i o n  of e l e c t r o l y t e  i n t o  the  pore system occurs ,  then t h e  
e f f e c t i v e  c o n d u c t i v i t y  f o r  i o n i c  conduct ion is (16) 

where i s  the p o r o s i t y  of the carbon and q i s  a t o r t u o s i t y  f a c t o r .  For porous 
carbon e l e c t r o d e s  E. i s  of t h e  o r d e r  of  1/3.q m a y  be very  h igh( l7)  bu t  i s  of ten(18)  
about 2 to  3 
r e s i s t a n c e  as about  1 cm of t he  f r e e  e l e c t r o l y t e  between the e l e c t r o d e s .  

The Oxygen A l k a l i  Half Cell 

Thus a p e n e t r a t i o n  of  1 nun w i l l  u s u a l l y  g ive  a s  high an e l e c t r i c a l  

I f  t h e  oxygen h a l f  c e l l  r e a c t i o n  were 

+-ox* LO] , 101 + ~ , o + ~ e <  2 o d  



then the  s tandard s t s t e  p o t e n t i a l  o f  an hydrogen oxygen fue l  c e l l  should be 
about 1 .23 v o l t s  ,at room temperature .  
t h e  h a l f  c e l l  r e a c t i o n  i s  

However, i t  has  been shown(14:20) t h a t  , 

Since t h e  normal c e l l  i s  not  s tandard  with r e s p e c t  t o  peroxide concent ra t ion  
the  open c i r c u i t  p o t e n t i a l  i s  u s u a l l y  not  1 .23  v o l t s .  It i s  e a s i l y  shown t h a t  
i f  t h e  peroxide ion is r a p i d l y  decomposed t o  i t s  equi l ibr ium va lue  with r e s p e c t  
t o  oxygen ( i n  t h e  e lec t rode)  and hydroxyl then the c e l l  vo l tage  would again be 
1.23 v o l t s .  
a t  room temperatures, t h e  decomposition is not  s u f f i c i e n t l y  r a p i d  €or t h i s  
equi l ibr ium to be reached near  t he  e l e c t r o d e  s u r f a c e  and a l o s s  of idea l  
p o t e n t i a l  occurs(21! 

Even i f  peroxide decomposing c a t a l y s t s  a r e  employed i t  appears  that, 

CONCLUSION 

In s tudying the p o l a r i z a t i o n  of t h e  type of  f u e l  c e l l s  considered 
here  i t  i s  important t o  determine the  c o n t r i b u t i o n  of each type of p o l a r i z a t i o n  
t o  each h a l f  c e l l .  I f  such de termina t ions  are made, they w i l l  i n d i c a t e  what 
can be done t o  improve the performance of t he  c e l l .  The var ious  techniques 
f o r  determining each p o l a r i z a t i o n  a r e  descr ibed  i n  t h e  l i t e r a t u r e ( l 2 , l ; : 2 2 ) .  
However, even i f  optimum c o n d i t i o n s  f o r  minimum p o l a r i z a t i o n  a r e  obtained,. 
t h e r e  a r e  s t i l l  many mechanical and technological  d i f f i c u l t i e s  t o  overcome 
i n  the  c o n s t r u c t i o n  of o p e r a t i n g  f u e l  cel ls .  

I 
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